We have carried out a detailed analysis of the interesting and important very young planetary nebula (PN) Hen3-1357 (Stingray Nebula) based on a unique dataset of optical to far-IR spectra and photometric images. We calculated the abundances of nine elements using collisionally excited lines (CELs) and recombination lines (RLs). The RL C/O ratio indicates that this PN is O-rich, which is also supported by the detection of the broad 9/18 µm bands from amorphous silicate grain. The observed elemental abundances can be explained by asymptotic giant branch (AGB) nucleosynthesis models for initially 1-1.5 M ⊙ stars with Z = 0.008. The Ne overabundance might be due to the enhancement of 22 Ne isotope in the He-rich intershell. By using the spectrum of the central star synthesized by Tlusty as the ionization/heating source of the PN, we constructed the self-consistent photoionization model with Cloudy to the observed quantities, and we derived the gas and dust masses, dust-to-gas mass ratio, and core-mass of the central star. About 80 % of the total dust mass is from warm-cold dust component beyond ionization front. Comparison with other Galactic PNe indicates that Hen3-1357 is an ordinary amorphous silicate rich and O-rich gas PN. Among other studied PNe, IC4846 shows many similarities in properties of the PN to Hen3-1357, although their post-AGB evolution is quite different from each other. Further monitoring observations and comparisons with other PNe such as IC4846 are necessary to understand the evolution of Hen3-1357.
INTRODUCTION
Planetary nebula (PN) is the next evolutionary stage of asymptotic branch (AGB) stars. PNe consist of a dusty nebula and a hot central star evolving toward a white dwarf. So far, over 1000 PNe in the Galaxy have been identified (e.g., Frew 2008) . Among PNe, Hen3-1357 (SAO244567, V839 Ara, PN G331.3-12.1, Stingray Nebula, Bobrowsky et al. 1998 ) recently attracts lot of attention and has been studied actively since the first classification as a post-AGB star done by Parthasarathy & Pottasch (1989) . Parthasarathy et al. (1993 Parthasarathy et al. ( , 1995 discovered that Hen3-1357 has a young nebula and is going on post-AGB evolution; the UV spectrum in 1988 shows the P-Cygni profiles of the N v 1239/43 Å and C iv 1548/50 Å lines detected in the spectra taken by the International Ultraviolet Explore (IUE) and the optical spectra in 1990 and 1992 show many nebular emission lines. Hen3-1357 is the first object evolving from a B1 type post-AGB supergiant into a PN within the extremely E-mail: otsuka@asiaa.sinica.edu.tw (MO) short time scale.
Using a distance of 5.6 kpc based on an extinction estimate from U BV photometry by Kozok (1985) , Parthasarathy et al. (1993) estimated the luminosity of the central star to be 3000 L ⊙ . Parthasarathy et al. (1995) found that the effective temperature (T eff ) of the central star has increased from 37 500 K to 47 500 K during the same period. Later, Parthasarathy et al. (1997) estimated T eff = 50 000 K in 1995. A core-mass versus luminosity relation suggests the coremass of 0.55 M ⊙ . While, the luminosity had faded by a factor of three in the UV wavelength from 1988 to 1996 (Parthasarathy 2006) . Increasing T eff as fading UV flux indicates dropping luminosity, turning out that Hen3-1357 is rapidly evolving toward a white dwarf.
However, it is difficult to explain its evolution and evolutionary time scale. Parthasarathy et al. (1993) estimated a kinematical age to be ∼2700 years by adopting the distance of 5.6 kpc, the (bright rim) radius of 0.8 ′′ measured using the Hubble Space Telescope (HST) image (Bobrowsky 1994) , and an expansion velocity of 8 km s −1 (Parthasarathy et al. 1993) . According to the H-burning post-AGB evolution for initially 1.5 M ⊙ stars with metallicity Z = 0.016 by Vassiliadis & Wood (1994) , such stars would take over 10 4 years to evolve into the white dwarf cooling track. The discrepancy between the observationally estimated and the model predicted time scale suggests that Hen3-1357 might have experienced an extraordinary post-AGB evolution. Reindl et al. (2014) demonstrated that Hen3-1357 has steadily increased its T eff from 38 000 K in 1988 to a peak value of 60 000 K in 2002 and cooled again to 55 000 K in 2006 based on the stellar UV spectra. They proposed late He-flash evolution to explain this rapid T eff increment. Reindl et al. (2017) found that T eff further cooled down, 50 000 K in 2015 using the newly obtained the HST UV spectra of the central star. Such a T eff variation is found by Arkhipova et al. (2013) , who estimated T eff = 57 000 K in 1990, 55 000 K in 1992, and 41 000 K in 2011 using the [O iii] 5007 Å line intensities relative to the Hβ. Through a comparison with a theoretically calculated late thermal pulse (LTP) evolutionary path, Reindl et al. (2017) concluded that Hen3-1357 might have experienced a LTP. As Reindl et al. (2017) mentioned, however, we should retain that any theoretical LTP models cannot yet fully reproduce the observed parameters of the central star of Hen3-1357. Despite many efforts, the puzzling evolution of Hen3-1357 remains a fatal and challenging problem. For understanding Hen3-1357, properties of the nebula are crucial because the evolutionary history of the progenitor star has been imprinted in the nebula, too. Utilizing nebular emission lines, one can easily derive elemental abundances such as C/N/O/Ne, which are essential key elements to prove AGB nucleosynthesis. The C/O ratio and the dust features seen in mid-IR spectra would suggest how much mass of the progenitor has gone into the formation of the nebula. It is of interest to investigate conditions of gas and dust and derive their masses in terms of material recycling in the Galaxy. Thus, nebula analysis is complementary for stellar analysis, and properties of the nebula can be the basis for understanding both the PN and its central star.
From these reasons, we investigated properties of the nebula based on a unique dataset from UV to far-IR wavelengths (0.35-140 µm). We organize this paper as follows. In §2, we describe our optical high-dispersion spectroscopy using the Fiber-fed Extended Range Optical Spectrograph (FEROS; Kaufer et al. 1999) attached to the MPG ESO 2.2-m telescope and the archival mid-IR and far-IR data taken by the AKARI and Spitzer infrared space telescopes. In §3, we describe nebular abundance analysis. We first report the C/O and N/O ratios using the recombination lines of these elements in this PN. We compare the observed abundances with the AGB nucleosynthesis models to investigate the initial mass of the progenitor star. In §4, we construct the spectral energy distribution (SED) model using photoionization code Cloudy (Ferland et al. 2013, version C13.03 ) to investigate physical conditions of the nebula and the central star of PN Table 2 . Near-to far-IR band flux densities of Hen3-1357.
λ c Tele/Instr/Band F ν F λ (µm) (mJy) (erg s −1 cm −2 µm −1 ) 3.6 Spitzer/IRAC/Band1 1.09(+1) ± 5.22(−1) 2.58(−12) ± 1.24(−13) 4.5 Spitzer/IRAC/Band2 1.61(+1) ± 5.02(−2) 2.38(−12) ± 7.42(−15) 5.8 Spitzer/IRAC/Band3 1.08(+1) ± 1.68(−1) 9.87(−13) ± 1.53 (−14) 8.0 Spitzer/IRAC/Band4 3.97(+1) ± 8.20(−1) 1.89(−12) ± 3.91(−14) 9.0 AKARI/IRC/S9W 8.87(+1) ± 8.62(0) 3.13(−12) ± 3.04(−13) 65.0 AKARI/FIS/N60 2.25(+3) ± 3.52(+2) 1.60(−12) ± 2.50(−13) 90.0 AKARI/FIS/WIDE-S 1.88(+3) ± 5.06(+1) 6.98(−13) ± 1.87 (−14) 140.0 AKARI/FIS/WIDE-L 3.77(+2) ± 2.75(+2) 5.77(−14) ± 4.21 (−14) (CSPN). We measure broadband magnitudes of the CSPN from the FEROS spectrum. We have a brief discussion on the CSPN's SED. In §5, we compare the observed elemental abundances and dust features with those of other PNe in order to verify Hen3-1357 as a PN. In §6, we summarize our work.
OBSERVATIONS AND DATA REDUCTION
We describe the photometric and spectroscopic dataset taken by Spitzer, AKARI, and our FEROS observations. The observation log is summarized in Table 1 . The AKARI data were obtained in 2006 May 6 -2007 Aug 28, the middle date is around 2006 Dec 31.
Spitzer and AKARI photometry
We measured the mid-IR flux densities for Bands 1-4 of the Spitzer/Infrared Array Camera (IRAC; Fazio et al. 2004) , where the central wavelength (λ c ) is 3.6, 4.5, 5.8, and 8.0 µm, respectively. We reduced the basic calibrated data (BCD, program-ID: 50116, obs AORKEY: 25445376, PI: G. Fazio) using mosaicking and point-source extraction software (MOPEX) 1 provided by Spitzer Science Center (SSC) to create a mosaic image for each band. We subtracted artificial features seen in the images as possible as we can. After we had subtracted out surrounding stars by point-spread function fittings using the Digiphot photometry package in IRAF v.2.16 2 , we performed aperture photometry. The results are summarized in Table 2 .
To trace amorphous silicate feature seen in the Spitzer/IRS spectrum, we used the AKARI Infrared 1 http://irsa.ipac.caltech.edu/data/SPITZER/docs/dataanalysistools/to 2 IRAF is distributed by the National Optical Astronomy Observatories, operated by the Association of Universities for Research in Astronomy (AURA), Inc., under a cooperative agreement with the National Science Foundation. http://iraf.noao.edu Camera (IRC; Onaka et al. 2007 ) S9W (λ c = 9 µm) and L18W (λ c = 18 µm). We used the AKARI Far-Infrared Surveyor (FIS; Kawada et al. 2007 ) data as vital constraints to the warm-cold dust continuum in the SED modeling. For this end, we utilized the photometry measurements by Yamamura et al. (2010) for the IRC two bands and FIS Bright Source Catalogue Ver.2 for the FIS N60, WIDE-S, and WIDE-L bands at λ c = 65, 90, and 140 µm, respectively. These data were taken by the AKARI all-sky survey. We list these flux densities in Table 2 , where A(−B) means A × 10 −B and hereafter.
MPG ESO 2.2-m FEROS spectroscopy
We secured the optical high-dispersion spectrum (3500-9200 Å) using the FEROS attached to the MPG ESO 2.2-m Telescope, La Silla, Chile (Prop.ID: 77.D-0478A, PI: M. Parthasarathy).
The weather condition was stable and clear throughout the night, and the seeing was 0.8-1.17 ′′ (average: 0.97 ′′ ) measured from the differential image motion monitor. FEROS's fibers use 2.0 ′′ apertures and provide simultaneously the object and sky spectra. The detector is the EEV CCD chip with 2048×4096 pixels of 15×15 µm square. We selected a 1×1 on-chip binning and low gain mode 3 . The atmospheric dispersion corrector (ADC) was not used during the observation. The exposure time was a single 2100 sec at airmass of 1.297-1.380. For the flux calibration and blaze function correction, we observed the standard star HR 3454 (Hamuy et al. 1992 (Hamuy et al. , 1994 ) at airmass ∼1.2. Since we did not use the ADC, a color-dependent displacement of the source from differential atmospheric refraction (DAR) might be present. However, we took Stingray nebula and HR 3454 at similar airmass. Therefore, we believe that DAR effect on the inferred extinction coefficients, the derived electron temperatures, and therefore on the derived ionic and elemental abundances would be largely reduced. We reduced the data with the echelle spectra reduction package Echelle in IRAF by a standard reduction manner including bias subtraction, removing scattered light, detector sensitivity correction, removing cosmic-ray hits, airmass extinction correction, flux density calibration, and all echelle order connection. Using the sky spectrum, we subtracted the sky-lines from the Hen3-1357 spectrum. The average resolving power (λ/∆λ) is 44 950, which was measured from the average full width at half maximum (FWHM) of over 300 Th-Ar comparison lines obtained for the wavelength calibrations. The signal-to-noise ratios per pixel were ∼2-12 for the continuum.
The resultant FEROS spectrum is presented in Fig. 1 ; the detected recombination lines (RLs) of O ii are shown in the lower panel. As far as we know, the N and O RLs such as N ii 3 We measured the gain = 4.99 e − ADU −1 and readout-noise = 8.31 e − using the IRAF task Findgain and O ii are detected in this PN for the first time.
Spitzer/IRS spectrum
To investigate dust features and perform plasma diagnostics using fine-structure lines, we analyzed the mid-IR spectra taken by the Spitzer/Infrared Spectrograph (IRS; Houck et al. 2004) provided by the SSC. We scaled the flux density of the reduced LH-spectrum to match with that of the reduced SH-spectrum in the overlapping wavelength, and we obtained the single 9.9-37.2 µm spectrum. Then, by the similar way, we combined this high-dispersion spectrum and the SL 5.2-14.5 µm spectrum into the single 5.2-37.2 µm spectrum.
We present the resultant spectrum in Fig. 2 . The intensity peak positions of the identified atomic lines are marked by the vertical lines. We detected Ne, S, and Ar fine-structure lines. The spectrum clearly shows two broad features (indicated by the horizontal red lines) attributed to amorphous silicate grains; the features centered at 9 µm and 18 µm are due to the Si-O stretching mode and the O-Si-O bending mode, respectively. Perea-Calderón et al. (2009) reported that this PN is an O-rich dust object. We did not identify any carbonbased dust grains and molecules in the Spitzer/IRS spectrum. Thus, we can conclude that Hen3-1357 has an O-rich dust nebula.
3. RESULTS
Scaling the flux density of the Spitzer/IRS spectrum
We performed a correction to recover the loss of light from Hen3-1357 by the slit.
First, using the AKARI/IRC 9.0 µm band photometry listed in Table 2 , we scaled the flux density of the spectrum by considering the AKARI/IRC 9.0 µm filter transmission curve by a constant scaling factor of 0.951. Next, using this scaled spectrum and the Spitzer/IRAC 8.0 µm filter transmission curve, we measured the Spitzer/IRAC 8.0 µm band flux density. The measured value 1.90(-12) erg s
is consistent with that the IRAC 8.0 µm photometry result.
AKARI/IRC 9.0 µm and Spitzer/IRAC 8.0 µm bands include atomic lines of H, Ne, S, and Ar certainly contributing to these two bands. As noted in §3. that the ionization and elemental abundances of the nebula might not be changed in 2006-2011. Our adopted scaling factor (0.951) indicates that the IRband flux decreased by ∼5 % between 2005 and 2009. Therefore, we assume that mid-IR wavelength evolution had not dramatically changed in 2005-2009. Taking into account these analyses, we scaled the flux density of the spectrum to match with the AKARI/IRC 9.0 µm band flux density.
The Hβ flux of the entire nebula
The Hβ flux of the entire nebula is necessary for setting the nebula's hydrogen density structure in our SED modeling as well as for calculating the Ne
, S 2+,3+ , and Ar
to H + number density ratios, and electron density n e and temperature T e using mid-IR fine-structure lines of these ions.
Since the H i 7.46 µm line is in the longer wavelength edge of the SL2 spectrum (5.13-7.60 µm) and also in the shorter edge of the SL1 spectrum (7.46-14.29 µm), we did not em- Table 3 . The derived c(Hβ) ratios. For the interstellar reddening correction to the FEROS spectrum, we adopted the average c(Hβ) = 8.27(-2) ± 3.47(-2) λ lab. (Å) Line c(Hβ) 3797.9 B10 8.25(-2) ± 6.43(-3) 3835.4 B9 3.25(-2) ± 5.17(-3) 3970.1 B7 7.39(-2) ± 2.95(-3) 4101.7 B6 4.38(-1) ± 3.56(-3) 4340.5 B5 1.34(-1) ± 5.16(-3) 8545.4 P15 2.03(-2) ± 1.04(-2) 8598.4 P14 3.84(-2) ± 2.54(-3) 8665.0 P13 7.49(-2) ± 2.48(-3) 8750.5 P12 6.64(-2) ± 1.98(-3) 9014.9 P10 1.18(-2) ± 2.25 (-3) ploy this line for estimating the Hβ line flux of the entire nebula. Therefore, we obtained the Hβ line flux by utilizing the theoretical H i I(n = 7-6 and 11-8)/I(n = 4-2) intensity ratio calculated by Storey & Hummer (1995) , where n is the principal quantum number. Note that a detected line at 12.37 µm (see Fig. 2 ) indeed composes of the H i n = 7-6 at 12.37 µm and n = 11-8 at 12.38 µm. 
Flux measurements
We measured the fluxes of the emission lines by Gaussian fittings. Then, we corrected these fluxes using the following formula;
where I(λ) is the de-reddened line flux, F(λ) is the observed line flux, f (λ) is the interstellar extinction function at λ computed by the reddening law of Cardelli et al. (1989) with R V = 3.1, c(Hβ) is the reddening coefficient at Hβ. We measured c(Hβ) values by comparing the observed ten Balmer and Paschen line ratios to Hβ with the theoretical ratios of Storey & Hummer (1995) Table 3 . Since the Hα line was saturated, we did not calculate a c(Hβ) using the F(Hα)/F(Hβ) ratio. Finally, we adopted the average c(Hβ) = 8.27(-2) ± 3.47(-2). The scatter between the estimated c(Hβ) could be due to the H i absorptions' depth of HR 3454 measured by Hamuy et al. (1992 Hamuy et al. ( , 1994 . We did not correct interstellar extinction for the Spitzer/IRS spectrum because the extinction is negligibly small in mid-IR wavelength.
For the year 2006, Reindl et al. (2014) reported E(B − V) = 0.11, corresponding to c(Hβ) = 0.16. Although they did not give the uncertainty of E(B − V), we assume δ E(B − V) = 0.02 from the fact that they measured E(B − V) = 0.14 ± 0.02 in the year 1997. Thus, their c(Hβ) for the year 2006 is estimated to be 0.16 ± 0.03, which is consistent with ours.
In appendix ). Our heliocentric radial velocity is in good agreement with Arkhipova et al. (2013, 12. 6 ± 1.7 km s −1 ). In appendix Table A2 , we listed the fluxes of the identified 14 atomic gas emission-lines detected in the flux density scaled Spitzer/IRS spectrum, where the fluxes are normalized with respect to the Hβ flux of the entire nebula.
Comparison of line fluxes between 2006 and 2011
We investigated the possibility of temporal variations of the emission line intensities by comparing our measurements with those of Arkhipova et al. (2013) , who obtained the 3500-7200 Å low-resolution spectrum (FWHM = 4.5 Å) on 2011 June at the South African Astronomical Observatory (SAAO). In appendix Table A3 . We list their measured lineintensities overlapped with ours. 
Plasma-diagnostics
In forbidden line analysis, we employed the NEBU-LAR package by Shaw & Dufour (1995) . In recombination line analysis, we used private softwares. In both of emission line analyses, we adopted effective recombination coefficients, transition probabilities, and effective collision strengths listed in Otsuka et al. (2010, their Table 7 ).
We performed plasma diagnostics using collisionally excited lines (CELs) and RLs. We greatly increase the results, comparing to Parthasarathy et al. (1993) who obtained one n e and two T e using the optical spectrum taken in 1992 and Arkhipova et al. (2013) who deduced one n e and four T e based on the 3500-7200 Å spectrum taken in 2011. In Table 4 , we list the diagnostic line ratios to derive n e and T e and the resultant values. In Fig. 3 , we present the n e -T e diagram using the diagnostic CEL ratios. "opt" indicates the result by the optical forbidden line ratio; e.g., [S iii] I(9069 Å)/I(6312 Å) ratio. "ir/opt" means the result using the mid-IR fine-structure lines and optical forbidden line; e.g., [S iii] I(18.7/33.5 Figure 3 . n e -T e diagram based on CEL diagnostic line ratios. The dashed and thick lines with "(ID)" indicate the n e and T e -diagnostic curves generated by the line ratios listed in Table 4 , respectively. 
and T e . First, we calculated n e using CELs. The n e -T e diagram indicates that the average n e is in a range from ∼2000 cm −3 in neutral gas regions (by the n e ([N i]) curve, ID(1)) and ∼20 000 cm −3 in highly ionized gas regions (by the n e ([Ar iv]) curve, ID (7)) and the average T e is ∼8000-10 000 K. We derived all n e by adopting a constant T e = 9 000 K.
Next We calculated the contributions to these lines, I R ([O ii] 7320/30 Å) and I R ([N ii] 5755 Å) by using the following equations by Liu et al. (2000) .
Here n . We found the discrepancy between two T e ([S iii]) values (IDs 10 and 11). This might be due to the underestimated [S iii] 9069 Å, which is appeared in the red wavelength edge of the FEROS spectrum. Because the ionic S 2+ abundance from this line is ∼14 % smaller than that from the finestructure [S iii] lines, which is insensitive to T e (see Table 5 ). As we explained in §,2.2, the differential atmospheric refraction (DAR) effect might have affected [S iii] 9069 Å, although we cannot exactly estimate how much light of [S iii] 9069 Å line we lost. DAR effect might affect widely separated diagnostic line intensity ratios. However, for the S 2+ abundance estimate, we adopted the average T e between two T e ([S iii]).
Thus, we reduced the effects by inconsistency between these two T e ([S iii]).
Similarly, if we underestimate the [O ii] 7320/30 Å intensity by ∼14%, which is an expected value from the above analysis for the S 2+ abundance, we obtain n e ([O ii]) = 20 300 cm would increase by ∼12 %. Even if DAR effect is present in our FEROS spectrum, the potential error of c(Hβ), T e and n e , and ionic/elemental abundances caused by DAR effect would be ∼15 % or less. Hence, our conclusion on these physical parameters derived from the CELs and the RLs does not change. 5 We calculated these ionic abundances under the n e ([O ii]) and T e ([N ii]). See appendix Table A4 Finally, we calculated T e and n e using He i lines and H i Paschen series. We calculated T e (He i) using He i I(7281 Å)/I(6678 Å) and I(7281 Å)/I(5876 Å) ratios using the recombination coefficients in a constant n e = 10 4 cm −3 provided by Benjamin et al. (1999) . We calculated the Paschen jump T e (PJ) by using equation (7) of Fang & Liu (2011) . The H i P11 line is in an echelle order gap. Therefore, we obtained the expected I(P11) using the observed H i P12 line and the theoretical I(P11)/I(P12) ratio of 1.30 in n e ∼10 2 -10 5 cm −3
and T e ∼5000-15 000 K (Storey & Hummer 1995) . Thus, we obtained n e ∼10 000-20 000 cm
by comparing the observed I(Pn)/I(P10) ratios (n is from 12 to 42) and the theoretical calculations under the Case B assumption and T e (PJ) = 8090 K by Storey & Hummer (1995) .
As a comparison, the results by Arkhipova et al. (2013, for the year 2011) are listed in the last column. Arkhipova et al. (2013) reported
, and n e ([S ii]) = 8740 ± 7701 cm Fig. 3 suggests that the discrepancy in T e ([N ii]) could be due to the difference in adopted n e .
Ionic abundance derivations
In appendix Table A4 , we list n e and T e adopted for calculating each ionic abundance. We determined these values by referring to the n e -T e diagram and taking the ionization potential (IP) of the targeting ion into account. We calculated the CEL ionic abundances by solving an equation of population at multiple energy levels (from two energy levels for Ne and T e (PJ). We summarize the resultant CEL and RL ionic abundances in Tables 5 and 6 , respectively. When we detected two or more lines of a target ion, we derived each ionic abundance using each line intensity. Then, we adopted the weightaverage value as the representative ionic abundance as listed in the last line of each ion by boldface. We give the 1-σ uncertainty of each ionic abundance, which accounts for the uncertainties of line fluxes (including c(Hβ) uncertainty), T e , and n e .
The CEL abundances calculated using the optical lines are well consistent with ones using mid-IR fine-structure lines, indicating that the calculated CEL ionic abundances are the results based on proper selections of T e in particular and ac- abundances are derived using the V3 5679 Å and 4631 Å lines.
As compared in Table 7 , our ionic abundances agree with Arkhipova et al. (2013 (-5) , which is consistent with Arkhipova et al. (2013) . However, since the emissivities of the fine-structure [Ne iii] lines do not largely change even in both 8560 K by ours and 11 553 K by Arkhipova et al. (2013) , the Ne 2+ abundances using the fine-structure [Ne iii] 8.41(-5) ± 4.56 (-6) 3.46(-5) ± 1.76(-5) S + 1.06(-6) ± 1.30(-7) 9.34(-7) ± 5.70(-7) S 2+ 5.34(-6) ± 6.98(-7) 1.43(-6) ± 1.13(-6) Ar 2+
1.59(-6) ± 9.25(-8) 
Elemental abundance derivations using the ICFs
By introducing the ionization correction factor (ICF), we inferred the nebular abundances from their ionic abundances. We calculated these ICF(X)s derived based on the fraction of the observed ionic abundances with similar ionization potentials to the target element. The ICF(X) of element X is listed in the last line of each element of Tables 5 and 6. The abundance of the element X n(X)/n(H) corresponds to the value derived from the ICF(X) · Σ m=1 n(X m+ )/n(H + ). We will compare these ICFs(X) based on IPs with those calculated by Cloudy photoionization model later.
As shown in §3.6, we obtained the O(CEL), Ne, S, and Ar ionic abundances in various ionization stages. Thus, for these elements, we can adopt the ICF(X) = 1.0. We adopted the ICF(He) = 1.0 because we did not detect the nebular He ii lines. Assuming that N corresponds to the sum of the N In Table 8 , we summarize the resultant elemental abundances derived by introducing the ICFs. The value ǫ(X) in the third column is 12 + log 10 n(X)/n(H). The value in the last column is the relative abundance to the Sun. We referred the solar abundance by Asplund et al. (2009) . Our work improved nebular elemental abundances calculated by the pioneering work of Parthasarathy et al. (1993) and a recent comprehensive study of Arkhipova et al. (2013) .
Using the RL C, N, and O, we derived the C/O and the N/O ratios using the same type of emission lines, i.e., RLs. These ratios are important proofs of the initial mass of the central star. In Table 8 , we list an expected C(CEL) based on the assumption that the RL C/O ratio (0.21 ± 0.09) is consistent with the CEL C/O ratio. One of the long-standing problems in PN abundances is that the RL C, N, O, and Ne ionic abundances are in general larger than those CEL ones. Several explanations for the abundance discrepancy have been proposed, e.g., temperature fluctuation, high density clumps, and cold hydrogendeficient components (see, e.g., a review by Liu 2006 ). There might be a possible link between the binary central star and the abundance discrepancy, as recently proposed by Jones et al. (2016) . In Hen3-1357, the abundance discrepancy factor (ADF) defined as the ratio of the RL to the CEL ionic abundance is 1.51 ± 0.36 in the O 2+ , which is lower than a typical value ∼2.0 (Liu 2006) . Such degree of the O 2+ discrepancy can be explained by introducing temperature fluctuation model proposed by Peimbert (1967) . Parthasarathy et al. (1993) and Feibelman (1995) Based on our analysis, we conclude that the ADF(C/N/O) would be < 2.
Comparison with AGB nucleosynthesis models
The He/C/N/O/Ne/S abundances are close to the AGB star nucleosynthesis model predictions by Karakas (2010) Ne is the most abundant, and it is not altered significantly by H-or He-burning. The ǫ(Ne) discrepancy between the observation (8.19) and the model prediction (7.69) might be due to an increase of 22 Ne. The models for the 1.0, 1.25, and 1.5 M ⊙ stars with Z = 0.008 by Karakas (2010) do not predict TDUs and do not include such partial mixing zone (PMZ). Note that PMZ is not well justified yet. The Ne abundance in Hen3-1357 suggests that the progenitor might have formed PMZ and extra 22 Ne and Ne might be conveyed to the stellar surface by unexpected mechanisms, e.g., very few TDUs or LTPs. Otherwise, we might interpret that the ǫ(Ne) discrepancy between the observation and the model prediction is due to the errors in the atomic data of Ne
. From chemical abundance analysis, we can conclude that the progenitor mass could be 1.0-1.5 M ⊙ if Hen3-1357 has evolved from a star with the initial Z∼0.008.
PHOTOIONIZATION MODEL WITH CLOUDY
We construct the self-consistent photoionization model using Cloudy to reproduce all the observed quantities.
The characteristics of the CSPN are critical in the photoionization models because the X-ray to UV wavelength radiation from CSPN determines the ionization structure of the nebula and surrounding ISM and is the ionizing and heating source of gas and dust grains. The distance is necessary for the comparison between the model and the observed fluxes/flux densities/nebula size. In §4.1 and 4.2, therefore, we try to determine parameters of the CSPN and the distance.
The empirically derived quantities of the nebula and the mid-IR SED provide the input parameters of the nebula and dust grain: ǫ(X), geometry, the Hβ flux of the entire nebula, hydrogen density radial profile (n H ) of the nebula, filling factor ( f ), and type of dust grain. The band flux densities/fluxes, gas emission-line fluxes, and the SED from the UV to far-IR provide constraints in the iterative fitting of the model parameters. In §4.3, we explain the input parameters. Finally, we show the modeling result in §4.4. 
Flux density of the CSPN's SED
First, we investigated the SED of the CSPN using the FEROS spectrum, which is the sum of the nebular emission lines and continuum and the CSPN spectrum. For this end, we need to subtract the nebular continuum from the FEROS spectrum. We used the Nebcont code in the Dispo package of STARLINK v.2015A 8 to generate the nebular continuum. For the calculation, we adopted the Hβ flux of the entire nebula 9.83(-12) erg s In Fig. 4 upper panel, we show the synthesized nebular continuum. The discontinuity around 8200 Å indicates the Paschen jump. After we had scaled the de-reddened FEROS spectrum up to match with the Hβ line flux of the entire nebula, we manually removed gas emission lines to the extent possible. This gas emission line free FEROS spectrum is presented in the same panel. In the lower panel, we show the resultant spectrum generated by subtracting the synthesis nebular continuum spectrum from the gas emission line free and flux density scaled FEROS spectrum. Note that the residual spectrum coincides with the spectrum of the CSPN. A spike feature around 8200 Å is from the residuals of Paschen and Bracket continuum between the observed and the model. If we can subtract this continuum around Paschen jump from the observed spectrum, the spike feature will be gone. This spike feature does not affect Ic-band magnitude measurement. Using this residual spectrum, we measured flux densities for BVRIc bands by taking filter transmission curves of each band, as summarized in Table 9 . It might be because the nebula ionization structure is not yet fully changed by the recent very fast post-AGB evolu-tion of the CSPN. Although we firmly believe the results of Reindl et al. (2014) , we needed to adopt a SED of the CSPN with a lower T eff to reproduce the overall observed nebular line fluxes. For instance, we estimated T eff to be 50 560 ± 2710 K using the [O iii]/Hβ line ratio and the formula established among PNe in the Large Magellanic Cloud by Dopita & Meatheringham (1991) .
Synthesis of the CSPN's SED
Therefore, we utilized the non-local thermodynamic equilibrium (non-LTE) stellar atmospheres modeling code Tlusty (Hubeny 1988) 10 to obtain SED of the CSPN for our Cloudy model. Using Tlusty, we constructed line-blanketed, planeparallel, and hydrostatic stellar atmosphere, where we considered the He/C/N/O/Ne/Si/P/S/Fe abundances. We run a grid model to cover T eff from 43 000 to 53 000 K in a constant 1000 K steps. Here, we adopted the observed nebular ǫ(He), ǫ(N(CEL)), ǫ(O(CEL)), ǫ(Ne), and ǫ(S). We adopted the expected ǫ(C(CEL)) = 7.98 (see Table 8 ). As Reindl et al. (2014) reported, there is no significant difference between the nebular and stellar He/C/N/O/S abundances. We adopted stellar ǫ(Si) = 7.52 and ǫ(P) = 4.42 derived by Reindl et al. (2014) . From the nebular [S,Ar/H] = -0.23, we adopted ǫ(Fe) = 7.23. We interpret that 99 % of the Fe-atoms in the stellar atmosphere is eventually locked as dust grains in the nebula. We set the microturbulent velocity to 10 km s , and we adopted the distance D = 2.5 kpc to obtain m * ∼0.53-0.6 M ⊙ . D has been determined in the range between 826 pc (see Reindl et al. 2017 , reference therein) and 5.85 kpc (Frew et al. 2016) , so far. When we adopt D = 826 pc, we have to set a very small inner radius of the nebula to reproduce the observed Hβ flux by setting a very small inner radius, we overproduced fluxes of higher IP lines and obtained hotter dust temperatures, accordingly causing lower dust continuum fluxes. If D is 5.0 kpc, the situation would become better than the case of D = 826 pc, and then we can reproduce the observed line fluxes. However, we have to set log g ∼4.5 cm s −2 in order to obtain the above m * range. And Hen3-1357 would be classified as a halo PN not a thin disk PN.
We verified our adopted D of 2.5 kpc. Following Quireza et al. (2007) , we can classify Hen3-1357 into a Type II or III PN based on the observed ǫ(He) and N/O ratio. Hen3-1357 would be a thin disk population. Quireza et al. (2007) reported that the average peculiar velocity relative to the Galaxy rotation (∆V) is ∼23 km s Galactic plane (|z|) is ∼0.225 kpc for Type IIa and ∼0.686 kpc for Type III, respectively. From the constraint on |z|, we obtained a range of D toward Hen3-1357 between 1.07 and 3.27 kpc. Maciel & Lago (2005) calculated the rotation velocities at the nebula Galactocentric positions calculated for a Galaxy disk rotation curve based on four distance scales. Using their established Galaxy rotation velocity based on the distance scale of Cahn et al. (1992) , van de Steene & Zijlstra (1995) , and Zhang (1995) , equation (3) We adopted elemental abundances listed in Table 8 as a first guess. We refined these abundances to reproduce the observed emission line intensities. For the other elements unseen in the FEROS and Spitzer/IRS spectra, we referred to the predicted values in the AGB nucleosynthesis model for initially 1.5 M ⊙ stars with Z = 0.008 by Karakas (2010) . For the sake of consistency, we substituted the transition probabilities and effective collision strengths of CELs by the same values applied in our nebular abundance analysis.
In spite of non-detection in the Spitzer/IRS spectrum, our Cloudy model with the AGB nucleosynthesis predicted ǫ(Si) overestimated the [Si iii] 34.82 µm line. This indicates that most of the Si-atoms exist as amorphous silicate dust grains. Therefore, we took care of the Si and Mg abundances as silicate grain components. Assuming that the nebular [Mg,Si/H] is comparable to the [Mg/H] = -1.69 measured in the PN IC4846 (Hyung et al. 2001) , we kept ǫ(Mg) = 5.86 and ǫ(Si) = 5.84, respectively. As we discussed later, IC4846 displays amorphous silicate features (e.g., Stanghellini et al. 2012) and very similar elemental abundances to Hen3-1357.
Nebula geometry/boundary condition/gas filling factor
We adopted spherical shell with a uniform hydrogen density. We assumed the ionization boundary radius (r ib ) of 
5.20 (-3) velocity suggests that the size of the nebula is not largely different since 1996. Here, we measured twice expansion velocities (2V exp ) using equation (3) of Otsuka et al. (e.g., 2003 Otsuka et al. (e.g., , 2009 Otsuka et al. (e.g., , 2015 and 144 emission lines as summarized in appendix Table A5 . To calculate line broadening by gas thermal motion, we adopted suitable T e for each ion by referring to Table 4 . In Hen3-1357, 2V exp did not correlate with IP. We measured the average 2V exp = 14.8 ± 0.5 km s −1 among the 39 H i lines, which is consistent with the mean expansion velocity (V exp ) of 8.4 ± 1.5 km s −1 measured from the 17 lines by Arkhipova et al. (2013) .
Filling factor f can be defined as the ratio of an RMS density derived from a hydrogen line flux, T e , and nebula radius to the n e (CELs) (see, e.g., Mallik & Peimbert 1988; Peimbert et al. 2000) . We calculated an RMS density of 10 750 cm −3 from the Hβ flux of the entire nebula, T e = 8 060 K, r ib = 1.28 ′′ , and a constant n e /n(H + ) = 1.15. We estimated f to be 0.47-0.62 using this RMS density and the observed n e (CELs). Here, we set f = 0.55 as a first guess and varied.
Dust grains and size distribution
We assumed spherical shaped silicate grain and adopted a standard interstellar size distribution (n(a) ∝ a 
Model result
To find the best-fit model, we varied T eff , the inner radius of the nebula r in , n H , ǫ(He/C/N/O/Ne/S/Cl/Ar/Fe), dust mass 12 https://www.astro.princeton.edu/~draine/dust/dust.diel.html fraction, and f within a given range by using the optimize command available in Cloudy. García-Hernández et al. (2002) found that the distribution of molecular hydrogen H 2 v=1-0 S(1) at 2.122 µm and v=2-1S (1) at 2.248 µm is quite homogeneous and extends well beyond the distribution of the H i Brγ line. This suggests that Hen3-1357 has large neutral regions.
Thus, we went to deep neutral gas regions in our model; we continued calculation until any of the model's predicted flux densities at AKARI/FIS 65/90/140 µm bands reached or exceeded the relevant observed values. Cloudy model predicted r ib = 1.48
′′
where T e drops below 4000 K. We stopped model calculation at the outer radius (r out ) of 3.4(-2) pc (2.77 ′′ ). The goodness of fit was determined by the reduced χ 2 value calculated from the following observational constraints: 17 broadband fluxes, 5 broadband flux densities, 104 gas emission fluxes, r ib , de-redden F(Hβ) of the entire nebula. Table 10 summarizes the parameters of the best-fit model, where the reduced χ 2 is 33.5. The SED of the best-fit model, in comparison with the observational data is presented in Fig. 6 . From the model result, we confirmed that gas emission contribution to Spitzer/IRAC 8.0 µm and AKARI/IRC 9.0/18 µm bands is 51.8 %, 19.1 %, and 3.9 %, respectively. Thus, the disagreement at Spitzer/IRAC 8.0 µm band between the observed photometry and the predicted SED can be explained by considering the gas emission contribution to the relevant band.
The observed and model predicted line fluxes, band fluxes, and band flux densities are summarized in appendix Table A6. The intensity of the O ii 4075 Å and 4651 Å is the sum of the multiplet V10 and V1 O ii lines, respectively. It is noteworthy that we simultaneously reproduced both the observed RL/CEL N and O line fluxes.
The predicted ICF(X) by Cloudy listed in Table 11 is in excellent agreement with the ICF(X) derived in §3.7, indicating that our Cloudy model succeeded to explain ionization nebula structure and the ICF(X) based on IP is proper value.
As described in §4.2, under the constraints to the CSPN at D = 2.5 kpc, we need T eff = 45 550 K and L * = 330 L ⊙ in order to explain the observed quantities. With D, L * , and log g, we derived m * = 0.55 M ⊙ . Table 9 . (lower panel) Closed-up plots in 5-40 µm. In both panels, we set the spectral resolution of the synthesized Cloudy spectrum to be a constant 600, corresponding to that of Spitzer/IRS SH and LH spectra.
The gas mass (m g ) = 3.81(-2) M ⊙ is the sum of the ionized and neutral gas masses. The ionized gas mass is 5.38(-3) M ⊙ and the remaining is the neutral gas mass. Our derived m g is close to the ejected mass = 8.9(-2) M ⊙ in initially 1.5 M ⊙ stars with Z = 0.008 during the last thermal pulse AGB, predicted by Karakas & Lattanzio (2007) . We obtained the dust
It is of interest to know how far-IR data impact gas and dust mass estimates in our model. When we stopped model calculation at r ib , we obtained m g = 4.61(-3) M ⊙ and m d = 3.79(-5) M ⊙ , respectively. This model did not well fit any AKARI far-IR fluxes. To fit the observed far-IR data, we need a larger r out . With the AKARI far-IR data, we obviously obtained much greater m g and m d . About 80 % of the total dust mass is from warm-cold dust components beyond ionization front. From the model result, we confirmed that the gas emission contribution to AKARI 65/90/140 µm bands is 1.4 %, 1.08 %, and 2.58 %, respectively. AKARI far-IR data would be thermal emission from warm-cold dust. Cox et al. (2011) derived an upper limit of the sum of m d and m g = 0.16 M ⊙ within a 3 pc radius using the AKARI/90 µm and a constant dust-to-gas mass ratio (DGR) = 6.25(-3) for O-rich dust, although the measured dust temperature (T d ) is unknown. Using their results, we calculated an upper limit m g = 0.159 M ⊙ and m d = 9.94(-4) M ⊙ , respectively. Umana et al. (2008) derived the total ionized mass of ∼5.7(-2) M ⊙ using the radio data in 2002, assuming D = 5.6 kpc, inner/outer radii = 0.65 ′′ /1.3 ′′ shallow shell geometry, and f = 1.0. Using the IRAS data, they derived T d = 137 ± 2 K, and m d = 2(-4) M ⊙ using the 60 µm flux density in the case of silicate. Based on the results and assumptions of Umana et al. (2008) , ionized gas and coexisting dust would be ∼6.6(-3) M ⊙ and ∼4.0(-5) M ⊙ , respectively if we adopt D = 2.5 kpc and f = 0.58. These estimated values are consistent with our derived m g and m d when we stopped the model at r ib . On the dust, Cox et al. (2011) found that the AKARI far-IR flux densities are by a factor two lower than predicted from the IRAS data. They interpreted that the far-IR variability in its infrared flux might occur due to recent mass-loss event(s) or evolution of the CSPN. Following the report of Cox et al. (2011) and the dust mass ∼4.0(-5) M ⊙ co-existing with the ionized gas by the IRAS data in 1980s, we estimate the dust mass to be 2(-5) M ⊙ in 2006-2007, which is comparable to our derived dust mass of 3.79(-5) M ⊙ within the ionized gas.
DISCUSSION
It is necessary to verify whether the gas and dust chemistry in Hen3-1357 is consistent with other O-rich gas and dust Galactic PNe. To compare with such PNe is an important step to understand the evolution of Hen3-1357. Figure 7 . The Spitzer/IRS spectra of IC4846 and Hen3-1357. The spectral resolution of Hen3-1357 is down to match with that of IC4846. For IC4846, we scaled the flux density up to match with AKARI/IRC 9.0/18 µm bands (0.1311 and 2.038 Jy, respectively, Yamamura et al. 2010) . For demonstration, the flux density of this scaled spectrum is further scaled to match with the IRS spectrum of Hen3-1357 by a constant factor of 0.84. See text for details. García-Hernández & Górny (2014) investigated relations among dust features, elemental abundances, and evolution of the progenitors. In the second column of Table 12 , we list the average ǫ(X) among their amorphous silicate PNe. They found that ǫ(He) and N/O ratio in these amorphous silicate containing PNe are in agreement with the AGB nucleosynthesis model predictions for initially ∼1.0 M ⊙ stars with Z = 0.008. García-Hernández & Górny (2014) suggested that the higher Ne/O ratios in O-rich dust PNe relative to the AGB models may reflect the effect of PMZ. The observed ǫ(He) and the CEL N/O ratio of 0.24 ± 0.02 in Hen3-1357 coincide with the average values in their amorphous silicate PN sample. As discussed in §3.9, our predicted progenitor mass, initial metallicity, and interpretation for the Ne overabundance in Hen3-1357 follow their results.
We can now understand relations among dust features, nebular abundances, and the progenitor stars' evolution. Moreover, we know that the nebula morphology is connected to the central star's evolution. Using the HST/WFPC images as a guide, we tried to find objects showing similar nebula shape, dust features, and elemental abundance pattern to Hen3-1357. As far as our best knowledge, a pointsymmetric PN IC4846 (e.g., Miranda et al. 2001 ) is very similar to Hen3-1357.
IC4846 clearly shows amorphous silicate features as reported by Stanghellini et al. (2012) . We reduced the BCD of IC4846 (obs AORKEY: 25839616, PI: L. Stanghellini) by the same process applied for Hen3-1357. In Fig. 7 , we display the Spitzer/IRS spectra of IC4846 and Hen3-1357. The dust features seen in both PNe are very similar except for the different strengths of the 9 and 18 µm emission bumps, which might reflect the difference in the grain composition. For IC4846, Stasińska & Szczerba (1999) derived a single T d = 107 K and DGR = 1.2(-3) based on the IRAS four band fluxes using a modified blackbody function. Tajitsu & Tamura (1998) and derived a single T d = 168 K using the IRAS data. Zhang & Kwok (1991) derived a single T d = 152 K and T eff = 47 600 K by fitting SED from IUE to IRAS data.
In the third to seventh columns of Table 12 , we compile nebular abundances of IC4846 measured by prior works. The eighth column gives the average value. Obviously, the abundances in both IC4846 and Hen3-1357 are in excellent agreement even in the RL ǫ(C,N,O) and the Fe-depletion. So far, the ǫ(Mg) and ǫ(Fe) measurements have been performed only by Hyung et al. (2001) using the IUE UV-spectrum and only by Delgado-Inglada & Rodríguez (2014) using the optical spectra, respectively. The largely depleted [Mg/H] = -1.69 in IC4846 might indicate that most of the Mg-atoms are captured by silicate grains. We assumed the similar situation to Hen3-1357 in our Cloudy model. Hyung et al. (2001) succeeded to reproduce UV-optical gas emission line fluxes in photoionization model of IC4846 by setting the CSPN's radius 0.425 R ⊙ , T eff = 70 000 K, log g = 4.6 cm s , and D = 7 kpc, which give L * = 3900 L ⊙ . With comparison with post-AGB evolutionary tracks, they estimated m * ∼0.57 M ⊙ .
From above comparisons, we can conclude that Hen3-1357 is an ordinary amorphous silicate rich and O-rich gas PN. Among amorphous silicate rich PNe in the Milky Way, IC4846 is very similar to Hen3-1357. Both PNe have evolved from similar progenitor mass stars with Z = 0.008. However, the rapid evolution of the central star of Hen3-357 still re-mains a puzzle.
SUMMARY
We performed a detailed chemical abundance analysis and constructed the photoionization model of Hen3-1357 to characterize the PN and obtain a coherent picture of the dusty nebula and CSPN in 2006 based on optical to far-IR data.
We calculated the abundances of the nine elements. The RL C/O ratio indicates that Hen3-1357 is an O-rich PN, supported by the detection of the broad 9/18 µm amorphous silicate bands in the Spitzer/IRS spectrum. The ADF (O 2+ ) is less than a typical value measured in PNe. The observed elemental abundances can be explained by AGB nucleosynthesis models of Karakas (2010) for initially 1-1.5 M ⊙ stars with Z = 0.008. The Ne overabundance might be due to the enhancement of 22 Ne isotope in the He-rich intershell. We did not find significant variation of nebular line intensities between 2006 and 2011, suggesting that nebular ionization state and elemental abundances are most likely in a steady state during the same period, while the central star is rapidly evolving.
By incorporating the spectrum of the CSPN synthesized by Tlusty as the ionization/heating source of the PN with Cloudy modeling, we succeeded to explain the observed SED and derive the gas and dust masses, dust-to-gas mass ratio, and core-mass of the CSPN. About 80 % of the total dust mass is from the warm-cold dust components beyond ionization front.
Through comparison with other Galactic PNe, we found that Hen3-1357 is an ordinary amorphous silicate rich and O-rich gas PN. IC4846 shows many similarities in properties of the PN to Hen3-1357.
Although we derived physical properties of the nebula and also provided the range of the progenitor mass, the rapid evolution from post-AGB B1 supergiant in 1971 to a young PN in a matter of 21 years is not yet understood. If the central star has experienced LTP then it should be H-poor, He and C-rich in its present hot post-AGB stage soon after the LTP. However, the nebular and stellar chemical compositions calculated by us and Reindl et al. (2014 Reindl et al. ( , 2017 are nearly solar, not at all similar to those of LTP PNe. If the central star has now started returning towards the AGB phase, then very soon it will go through A, F, and G spectral types before it appears as a born-again AGB star. If so, it may show abundances similar to that of LTP PN in future. We need to monitor the central star's T eff , log g, and chemical composition in order to confirm whether it is evolving back towards the AGB stage. If Hen3-1357 is a binary, rapid evolution might be explained. For that end, monitoring of radial velocity using stellar absorption profiles in UV wavelength would be necessary. Moreover, comparisons with other Galactic amorphous silicate rich and O-rich gas PNe such as IC4846 can help us to understand the evolution of Hen3-1357. Thus, further observations of both the nebula and the central star are required for further understanding this PN. Table A1 . The identified atomic emission lines in the FEROS spectrum. The first column is the wavelength at the observation. The third column is the wavelength at rest in laboratory. Table A2 . The identified lines in the Spitzer/IRS spectrum. The flux density is scaled-up to match with the AKARI/IRC 9.0 µm band flux density. Then, the fluxes of these identified atomic lines are normalized with respect to the Hβ flux of the entire nebula 9.83 (-12 Table A3 . Table A5 . Twice expansion velocities of Hen3-1357. 
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